We reveal that guided waves in negative-refraction-index (left-handed) waveguides possess a number of peculiar properties such as the absence of the fundamental modes, mode double degeneracy, and sign-varying energy flux. We predict the existence of novel types of guided waves with a dzpole-vortez structure of the Pointing vector. Recent experimental demonstration of novel composite materials with a negative index of refraction1 opens up a unique opportunity t o design novel types of devices. The history of these materials begins with the paper by Veselago2, who studied the wave propagation in a hypothetical material with simultaneously negative dielectric permittivity and magnetic permeability p. Such media are usually termed left-handed materials (LHM), since the electric and magnetic fields form a left set of vectors with the wave vector.
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We present the study of the structure and basic properties of electromagnetic waves guided by a LH slab waveguide of the thickness 2L with the dielectric permittivity €2 and magnetic permeability p2. We assume that the surrounding medium is right-handed (RH), and is therefore characterized by both positive €1 and p 1 . The profiles of TE guided waves can be found as the eigenmode solutions of the wave equation,
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where real h is the wave propagation constant (eigenvalue) and E(x) is the transverse profile of a spatially localized mode. It is well known that a RH waveguide can only support guided modes when the waveguide core has a higher refractive index than its cladding, i.e. € 2~2 > tlp1. Accordingly, the guided modes are fast, i.e. their phase velocity w / h is larger than the phase velocity in an homogeneous medium with €2 and p2. A high-index RH waveguide always supports a fundamental guided mode, which profile does not possess zeros. However, we find that the modal properties of the LH slab waveguides do not conform t o these simple rules.
First, LH waveguides can support slow modes. Such modes appear as in-phase or out-of-phase bound states of surface modes localized at the two interfaces between the right and left media; the corresponding t,ransverse profiles of the modes are either symmetric (node-less) or antisymmetric (one node). The surface waves can always exist at an interface between LH and RH media3, and that is why the slow guided modes can be supported by both low-index and hzgh.-inderr: LH slab waveguides, as opposed t o the conventional (RH) waveguides.
Second, the conventional hierarchy of the fast modes is removed. Specifically, (i) the fundamental node-less mode does not exist at all, (ii) the first-order mode exists only in a particular range of the slab thickness, and it always disappears in wide waveguides, and (iii) two modes having the same number of nodes can co-exist in the same waveguide.
In the LHM, the electromagnetic waves are backward, since the energy flux and wave vector have opposite directions2, whereas these vectors are co-directed in homogeneous RH materials. Since the wave propagation constant h is fixed in a stationary guided mode, we come t o the conclusion that the power flow in the core, P 2 = J-, S, dx, and in the cladding, PI = 2 J , ' " S, dx, are oppositely directed, i.e. P 2 < 0 < PI, where S, is the Poynting vector component along the waveguide. An important. information about guided modes can be extracted from the study of the normalized energy flux P = (9 + P2)/(1PlI + lP2l). This parameter is bounded, If'( < 1, P + 1 when the mode is weakly localized (IPlI >> (Pzl), whereas P < 0 for modes which are highly confined inside the left-handed slab.
As an example, we illustrate the properties of a low-index ( € 2~2 < rlpl) LH waveguide with 1p2 I < p l . Wavenumber and normalized power of the fundamental modes on the slab width are shown in Figs. l(a,b) . At any slab thickness below a critical value, two modes always co-exist. One of the modes is forward and weakly localized, whereas the other one is backward and more confined. When the slab width approaches the critical value, the branches corresponding t o different modes merge, and t,he energy flux vanishes. In this special case, the energy fluxes inside and outside the slab exactly compensate each other. Since the energy fluxes are oppositely directed inside the guided modes, it is of the fundamental importance t o understand whether wave packets of finite temporal and spatial extension can exist in left-handed waveguides. We calculate the Poynting vector averaged over the period of the carrier frequency, and present the characteristic structure of the energy flux in inside the wavepacket, and it stays as a single entity. The group velocity of the pulse is proportional t o the total energy flux P, and it can therefore be made very small or even zero by a proper choice of the waveguide parameters. On the other hand, the group-velocity dispersion, which determines the rate of pulse broadening, can also be controlled. Moreover, dispersional spreading can be arrested due t o the medium nonlinearity, if conditions for the soliton formation are satisfied. This flexibility is very promising for potential applications.
